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Abstract. Gamete age has been postulated to be unimpor- 
tant to the fertilization ecology of marine invertebrates. 
However, recent research suggests that, for some species at 
least, it may have a direct impact upon fertilization success. 
We present comparative data on the influence of gamete age 
on fertilization and development success in several marine 
invertebrates: the polychaetes Arenicola marina and Nereis 
virens and the asteroid echinoderm Asterias rubens. Oo- 
eytes are much longer lived in the polychaetes than in the 
echinoderm, with A. marina oocytes still capable of fertil- 
izing and developing normally 96 h post-spawning. Devel- 
opmental abnormalities and failure to reach blastula tend to 
occur well before the fertilizable life of the oocytes has 
expired. Sperm are similarly longer lived in the polychaetes: 
however, fertilizing capacity is markedly reduced following 
incubation in conspecifie egg-conditioned seawater. These 
results are discussed in terms of the fertilization strategies of 
the three species. We further suggest that, for A. marina at 
least, longer-lived sperm and eggs are central to the fertil- 
ization strategy of this species. 


Introduction 


Whether the length of time that sperm and eggs are viable 
following spawning alfeets the reproductive success of 
broadeast spawning species is a subject for debate. The view 
of workers such as Levitan et al. (1991) is that dilution of 
gametes below fertilizable concentrations occurs well he- 
fore the viable life of the gametes has expired, leading to the 
hypothesis that gamete longevity is not important to the 
fertilization ecology of free-spawning species. Yund (2000) 
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suggests, however, that adaptations to reduce sperm limita- 
tion may lead to high levels of fertilization success, al- 
though sperm dilution effeets remain undoubtedly important 
for eertain shallow subtidal free-spawning echinoderms and 
molluses. Circumstances in which gamete longevity 1s com- 
bined with reduced gamete dilution due to the viscous 
nature of the fluids in whieh gametes are released may 
increase fertilization levels in free-spawning species. This 
has been demonstrated recently in Strongvlocentrotus droe- 
bachiensis using laboratory investigations (Meidel and 
Yund, 2001). A different situation exists in the brooding 
starfish Leptasterias polaris, in which sperm deposited on 
the substratum are not dispersed, but remain quiescent until 
activated by female spawning (Hamel and Mereier, 1995). 
In such cases, longer-lived sperm would be a distinet ad- 
vantage. Sperm longevity is also important in some inter- 
nally fertilizing ascidians where females filter large volumes 
of seawater, which can result in the collection and concen- 
tration of diluted sperm to effeet a high level of fertilization 
many hours after male spawning (Bishop, 1998). 

This study investigates egg and sperm longevity of the 
polychaetes Arenicola marina and Nereis virens and the 
asteroid Asterias rubens, which are all species that have 
seasonal reproduction. Arenicola marina and Asterias 
rubens are annual iteroparous species, while N. virens is 
semelparous. The findings will be discussed in an ecological 
context. The mediation of sperm activity by egg compounds 
will also be examined to a certain extent for Arenicola 
marina and Asterias rubens. 

In most populations of the lugworm Arenicola marina, 
spawning is epidemic, cued by environmental and endoge- 
nous factors (Bentley and Pacey, 1992; Watson and Bent- 
ley, 1998; Watson er al., 2000), and takes place over only a 
few days in late autumn in most localities (Williams er al., 
1997), Male and female lugworms exhibit different spawn- 
ing strategies. Females spawn their oocytes into the U- 
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shaped burrow, which ts irrigated on the flood tide, drawing 
sperm-enriched water into the fertilization site. Males re- 
lease sperm puddles onto the surtace of the sediment at low 


water, ejecting small streams of sperm from the tail shaft of 


the burrow. The sperm coalesce to form a dense puddle with 
a highly cohesive, oily consistency. In this state the sperm 
are quieseent (Pacey et al., 1994a). On the Hood tide, the 
sperm puddles are dispersed across the beach, affording 
females the opportunity to “collect” sperm for Jertilization. 
Field studies of fertilization suecess indicate that it ts highly 
variable, between 0% and 100% (Williams et al., 1997). 
The king ragworm, Nereis virens, spawns only once at 
age 2-5 years, during periods of spring tides in early spring 
along the East Coast of Scotland. Sperm develop as tetrads, 
and ripe males are characterized by having free-swimming 
sperm within the coelomic cavity. Spawning ts character- 
ized by swarming, when ripe males leave the sediment and 
swim actively in the water column releasing gametes (Bass 
and Bratield, 1972), and the female remains in the substra- 
tum depositing her eggs on the surface of the sediment. 
Asterias rubens generally spawns during spring in north- 
ern European waters, although more northerly populations 
spawn in the late spring or early summer (Nichols and 
Barker, 1984). Oocyte maturation and spawning is initiated 
by l-methyl adenine (Kanatani, 1979). During spawning, A. 
rubens adopts a spawning posture typical of many asteroids. 
Waves of contraction pass along the arms of the starfish and 
the eentral disc ts raised several centimeters off the substra- 
tum so that the starfish ts supported on the tips of its arms. 


Materials and Methods 
Collection and maintenance of experimental animals 


Mature specimens of Arenicola marina were collected by 
digging from an intertidal sandflat at Red Wharf Bay, An- 
glesey, North Wales (53°18.6'N 4°12.0'W). This popula- 
tion spawns epidemically during spring tides in early 
December, and ripe individuals (responsive to endocrine 
manipulation to stimulate spawning) were available Irom 
mid-November. In the laboratory, worms were sexed and 
housed individually in polyethylene pots with fresh filtered 
seawater in a controlled temperature room under ambient 
temperature and illumination. The worms were left for at 
least 24 h before use in experiments to allow gut contents to 
be voided, and the water was changed daily. 

Gravid individuals of Nereis virens were provided by 
Seabait Ltd. (Ashington, Northumberland) and collected by 
digging from a designated broodstock bed during late Feb- 
ruary and March. In the laboratory, the antmals were stored 
in polyethylene pots with a layer of gravel and 0.5-mm 
diameter holes drilled into the walls and lid. The pots were 
then placed into single-sex, flow-through tanks and main- 
tained at 5°C with ambient illumination. Using farmed 
animals rather than tield-collected specimens provides ani- 
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mals at a known stage ol reproduetive development. Ani- 
mals at the peak of gamete development (100% fertilization 
and development to blastula, free sperm in coelomie cavity., 
and some spontaneous spawning) were selected for use in 
experiments. 

Specimens of Asterias rubens were colleeted from fishing 
ereels set at a number of sites around the East Coast of Fife. 
Scotland. They were stored in large tanks (1 m X 3 m X 
} m) with a continuous flow-through of fresh seawater and 
maintained under conditions of ambient temperature and 
illumination. Starfish were used within a week of collection. 


Spawning induction and collection of gametes 


Arenicola marina, Mature oocytes were eollected from 
animals induced to spawn by injection of homogenized 
prostomia from mature females, as described by Pacey and 
Bentley (1992). Each recipient female was injeeted with one 
prostomial equivalent of homogenate and placed into fresh 
seawater to spawn. Upon spawning, exeess water was de- 
canted, and the eggs were washed twice by resuspending in 
100 mi sterile filtered seawater (SFSW). They were then 
allowed to settle out, and a sample was transferred to 
microcentrifuge tubes. The density of settled eggs in the 
tubes was determined by counting microliter volumes under 
a compound microscope. 

Sperm maturation through the injection of &,11,14-eico- 
satrienoic acid. To induce spawning, each gravid male was 
Injected with the sperm maturation factor 8,]],]4-e1eosa- 
trienoie acid (Sigma), using an optimal concentration of 13 
g'g | body mass (for full details see Pacey and Bentley, 
1992). A 200-1 Gilson pipette was used to colleet sperm 
dry (7.e., undiluted) as it emerged from the nephromixtia. 
The sperm samples were placed into microcentrifuge tubes 
and left for a few minutes to allow them to coalesce to 
maximal concentration; the excess water was then pipetted 
off. 

In vitro maturation of coelomic sperm, Sperm were acti- 
vated in vitro by ineubation in appropriate concentrations of 
8.11.14-eicosatrienoic acid (Pacey and Bentley, 1992). 
Samples, about 200 pl in volume, of coelomic fluid were 
withdrawn trom the coelomic eavity of gravid males and 
placed in microcentrifuge tubes. This allowed multiple sam- 
pling from each male. Coelomic samples were incubated 
with equivalent volumes of 1 X 10 * M 8.11.14-eicosatrie- 
noice acid. They were then shaken by hand and left for 30 
min at 8°C to mature. The mature sperm typieally eoalesced 
into oily droplets at the bottom of the tube, and the exeess 
fluid was removed. Mature sperm had the same fertilizing 
capacity as normally spawned sperm. This teehnique was 
used when large numbers of small samples of sperm were 
required and when only the eggs were the subject of inves- 
tigation. 

Nereis virens. Samples of oocytes were withdrawn from 
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the coelomie cavity with a disposable I-ml syringe. The 
oocyte sample was expelled into about 100 ml SFSW and 
allowed to settle before being washed again in the same 
volume. Samples of eggs were then transferred to micro- 
centrifuge tubes, and the density of settled eggs was deter- 
mined. Coelomic sperm were withdrawn using a syringe 
and stored dry (2.e., undiluted) in microcentrifuge tubes at 
5°C until required. 

Asterias rubens, Mature oocytes were collected following 
injection of 1-methyl adenine (1-MeAde) into ripe individ- 
uals of Asterias rubens. Fresh starfish were collected from 
the aquarium and placed in about 100 ml SFSW in glass 
bowls. One to two ml of 10 7 M I-MeAde (prepared in 
seawater) was injected through the aboral surface of one of 
the arms. This gave an approximate concentration in the 
animals of | X 10° M 1-MeAde. Mature oocytes were 
collected from the bowl, washed twice in SFSW, and trans- 
ferred to a beaker with about [00 ml SFSW. Settled egg 
density was determined as described above. 

Asterias rubens sperm were also collected by dissection 
of gonadal tissue. Pieces of excised testis were placed in a 
small petri dish containing 10 ml SFSW. Gentle probing 
with a pipette tip led to the extrusion of sperm from the 
tissue, which was collected dry using a 200-1 Gilson 
pipette. This technique was used only when eggs were under 
test. Sperm collected following spawning induction were 
used during investigations of sperm performance. 


Oocyte age 


Mature oocytes were harvested as described above. Ap- 
proximately 10° eggs from each female were transferred to 
separate autoclaved beakers containing 1 f of SESW. Sam- 
pling 1 ml of the mixed egg suspensions yielded between 
500 and 1000 eggs. The beakers were then stored at 8°C for 
the duration of the experiment, and the water was carefully 
changed every 4+—8 h with fresh SFSW to maintain oxygen 
tensions. For Arenicola marina and Asterias rubens, eggs 
trom tive females were used: for Nercis vires, eggs from 
three females were used. 


Fertilization assay 


To discern any decline in fertilization success, it was 
necessary to ferulize the eggs with the minimum quantity of 
sperm required to achieve 100% fertilization. The fertiliza- 
tion assay was conducted by pipetting 1 ml of 5 X 10° 
sperm: ml © directly over the eggs in the fertilization 
chamber. This gave an overall sperm concentration in the 
20-ml volume of 2.5 X 10? sperm: ml‘, and 100% fertil- 
ization was recorded; incidences of abnormal development 
at time O (possibly attributable to polyspermy) were rare. 
Any tall in fertilization success (and hence gamete fitness) 
was therefore immediately apparent. 


Ege longevity 


For Arenicola marina, fresh sperm suspension was pre- 
pared in vitro from at least five males at each time point. 
The suspension was examined under the microscope to 
ensure the presence of free-swimming sperm; concentra- 
tions were determined using a hemocytometer. Suspensions 
from each of the males were then pooled to give a final 
concentration of 10 ml of 5 X 10° sperm: ml |. For males 
of Asterias rubens. small pieces of testis were excised from 
one arm of each of five males, and sperm were extracted as 
described above. Each of the five pairs of testes was sam- 
pled only once. After collection, the sperm were treated as 
for Arenicola marina. Sperm were collected from Nereis 
virens males directly from the coelomic cavity as described 
above, and stock solutions of 10 ml of 5 X 10° sperm: ml? 
were pooled from at least three males. The fertilizing ca- 
pacity of the ragworm sperm was tested. Use of these 
techniques permitted each male to be used several times 
during the experiment. 

Eggs from each species under test were withdrawn from 
five females as described earlier. Fertilizations were con- 
ducted in sterile 25-ml petri dishes. Three replicate fertili- 
zations Were conducted for each of the five females at all of 
the time points used. At each time point, 500-1000 oocytes 
were pipetted in | ml of seawater from the storage beakers 
into the appropriate petri dish that contained 18 ml SFSW. 
One millifiter of pooled sperm suspension was then added to 
the petri dish to give a final volume of 20 ml and a final 
sperm concentration of approximately 2.5 X 10* sperm: mł |: 
the petri dishes were then left for 24 h at 8°C. Fertihzation 
success was assessed by examining 150 eggs from each of the 
dishes. Oocytes were recorded as fertilized with normal devel- 
opment, fertilized with abnormal development, or unfertilized. 
Abnormal development was defined as embryos failing to 
develop or degenerating. Allowing such eggs to continue to 
develop revealed only further degeneration. 


‘ Ss = (E = 
Sperm longevity at 10° sperm ml! and 10° sperm’ ml ! 


Gamete handling. Fresh sperm were collected dry from 
each of five male Arenicola marina, five Asterias rubens, 
and three Nereis virens; and stock suspensions of 20 ml 5 X 
10° sperm: ml”! were prepared in autoclaved glass petri 
dishes. Aliquots of each of the sperm suspensions were 
taken and serially diluted to provide 200 mi of sperm 
suspension at a concentration of 5 X 10° sperm m 
These were then stored at 8—]0°C for the duration of the 
experiment. Oocytes were collected from at least three 
females of each of the species and treated as described 
above. Fresh oocytes were collected from Arenicola marina 
every 24 h, and from Asterias rubens and Nereis virens at 
each fertilization point: 

Fertilizations were conducted in sterile 25-ml petri 
dishes. At each time point, 18 ml of SESW was pipetted into 
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the fertilization dishes together with ] ml containing ap- 
proximately 500-1000 fresh oocytes. One milliliter of the 
5 X 10° sperm: ml ! suspension was pipetted into the 
appropriate petri dish over the oocytes to give a final con- 
centration of 2.5 X 10* sperm: ml” '. One-hundred micro- 
liter samples of the 5 X 10° sperm: ml”! suspensions were 
taken and serially diluted to a concentration of 5 X 10° 
sperm: ml-', | ml of which was pipetted into the appro- 
priate petri dishes. Three replicate fertilizations were per- 
formed for each male and treatment used. The fertilization 
dishes were then left at 8—10°C for at least 18 h. Fertiliza- 
tion success was scored by sampling 150 eggs from each 
petri dish for evidence of cleavage. 

Effect of egg-derived compounds upon sperm longevity. 
Eggs were collected from Arenicola marina and Asterias 
rubens 12 h before the beginning of the experiment from 
each of five females by injection of appropriate spawning 
hormones, as described above. The oocytes were gently 
washed twice in SFSW, pooled, and their density deter- 
mined. Approximately 3 X 10° eggs were then carefully 
pipetted into an autoclaved beaker containing 300 ml of 
SFSW. The suspension was incubated for 12 h at 8°C. and 
then the upper 200 ml of water was slowly decanted from 
the eggs and passed through a 60-um Nitex mesh. No eggs 
were observed on the mesh. The water was filtered to 0.2 
pm. The filtrate was used subsequently to observe possible 
effects of egg-derived compounds on sperm longevity (see 
below). Eggs from Asterias rubens were used for only 
3-4 h before being replaced by fresh samples. However, 
oocytes collected from Arenicola marina were used 
throughout the experiment and were stored as described 
above. The egg concentration was determined and the vol- 
ume of water containing 500—1000 eggs calculated. 

Sperm were collected dry from each of five males, and 
fertilization assays were conducted as above. Appropriate 
aliquots of sperm from each male were then taken and 
pipetted individually into five crystallizing dishes contain- 
ing 40 ml of the egg water (filtrate), to give a final concen- 
tration of 5 X 10° sperm:ml-'. As a control, further 
aliquots of sperm were taken from each sample and pipetted 
into crystallizing dishes with 40 ml of 0.2-ym-filtered sea- 
water that had been left for 12 h at 8°C. 


Results 
Oocyte age 


The percent fertilization and developmental success of 
oocytes from Arenicola marina aged over 5 days are shown 
in Figure 1A. Fertilization success remained around 100% 
for up to 72 h but then began to fall rapidly, with only a 
quarter of oocytes being fertilized at 96 h and almost none 
at 120 h. Developmental capacity was not diminished to any 
great extent until 96 hours post-spawning (Fig. 2B). This 
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Figure 1. Oocyte fertilization success at a number of time intervals 
following spawning in Arenicola marina (A), Nereis virens (B), and 
Astertas rubens (C). Note the difference in timescale over which oocytes 
were Viable for each of the species. Standard errors were calculated trom 
the arcsine-transformed percentage data and back-transformed for presen- 
tation. 


increase in abnormal development before blastula coincided 
with the greatest drop in fertilization success. 

Most oocytes of Nereis virens could be fertilized for at 
least 72 h after extraction from the coelomic cavity (Fig. 
IB); however, the developmental capacity decreased 
throughout this period so that from 60 h on, only about 10% 
of the oocytes developed to blastula (Fig. 2B). In contrast to 
the polychaetes, Asterias rubens showed 100% fertilization 
of oocytes for only the first 4 h after spawning (Fig. 1C). 
Thereafter, fertilization success fell to zero by 24 h. Cases 
of abnormal development rose gradually with increasing 
age (Fig. 2C). 


Sperm age 


Arenicola marina sperm stored at 10° sperm+ ml”! re- 
tained a high fertilization capacity up to 60 h post-spawning, 
before dropping to almost zero at 86 h (Fig. 3A). The same 
graph shows the fertilization success of sperm stored at 10° 
sperm: ml '. Success remained high throughout the exper- 
iment and continued beyond the time shown in the figure. 
When examined, sperm stored at 10° sperm-ml | had 


38 M. E. WILLIAMS AND M G. BENTLEY 


St 


A: Arenicola marina 





0 24 48 72 96 120 144 


B: Nereis virens 





Percentage of fertilized oocytes failing to develop to blastula 





Egg Age (h) 


igure 2. Percentage of oocytes fuiling to develop lo blastula when 
fertilized at several time intervals following spawning, from Arenicola 
marina (A), Nereis virens (B), and Asterias rubens (C). Note the difference 
in timescale over which oocytes were viable tor each of the species. 
Standard errors were calculated from the arcsine-transtormed percentage 
data and back-transformed for presentation. 


coalesced into oily droplets at the bottom of the petri dish, 
and ìn this state it was quiescent. 

Nereis virens sperm stored at the higher concentration 
was similarly long lived. However, sperm stored at 10° 
sperm + ml! rapidly lost the ability to fertilize, falling to 
almost zero after 24 h (Fig. 3B). In contrast, the fertiliz- 
ing capacity of Asterias rubens sperm stored at t0” 
sperm ml! and 10° sperm © mł ' was found to be similar 
(Fig. 3C). At each of the time points, success was slightly 
greater for the sperm stored at the higher concentration, but 
both successes fell to approximately zero after 26 h. 


Sperm stored in egg water 


IC is apparent that egg water had a marked effect upon the 
fertilizing capacity of sperm for both Arenicola marina 
(Fig. 4A) and Asterias rubens (Fig. +B). The fertilization 
capacity of Arenicola marina sperm stored in egg water fell 
to zero after 28 h, whereas that stored in SFSW remained at 
100% (data were the same as in Fig. 3A). The fall in 


fertilization success of Asterias rubens sperm was even 
more dramatic, dropping to zero after 8 h. The fertilization 
success of sperm stored in SFSW is comparable to the data 
presented in Fig. 3C. 


Discussion 


The longevity of unfertilized oocytes has a marked 1m- 
pact upon fertilization success. This paper demonstrates that 
there is a finite period following spawning in which the 
oocyte is capable of being fertilized and subsequently de- 
veloping to at least the blastula stage. The choice of blas- 
tula/early gastrula stage as a cut-off point in the experiments 
was an arbitrary decision based on the likelihood that arti- 
facts associated with nurturing large batches of larvae might 
influence the results. Further development may have been 
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Figure 3. Fertilizing capacity of sperm from Arenicola marina (A), 
Nereis virens (B), and Asterias rubens (C) stored and aged at two concen- 
trations. Note the difference in timescale over which oocytes were viable 
for each of the species. Standard errors were calculated from the aresine- 
transformed percentage data and back-transformed for presentation. 
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Figure 4. Fertilizing capacity of dilute sperm from Arenicola marina 
(A) and Asterias rubens (B) stored either in seawater or in conspecific- 
egg—conditioned seawater. Note the difference in timescale over which 
oocytes were viable for each of the species. Standard errors were calculated 
from the aresine-transtormed percentage data and back-transformed for 
presentation. 


impeded for some embryos as au consequence of oxygen 
tensions or biotic factors (e.g., infection). The blastula/early 
gastrula stage, which lasts for a number of hours, also 
allowed the success (or otherwise) of early embryonic de- 
velopment to be examined and scored without the need for 
fixation of the samples. 

Very few data exist on the longevity of unfertilized 
gametes among marine invertebrates. That there is a limited 
life span of gametes was recognized by several early work- 
ers (1.e., Lillie, 1915). Recent work has quantified the length 
of time that gametes are viable, but as Benzie and Dixon 
(1994) point out, this has not been discussed in an ecolog- 
ical context. tt is generally reported that sperm become 
senescent more rapidly than eggs in free-spawning inverte- 
brates, their longevity being measured from minutes to | or 
2 hours (see Levitan, 1995; Table 1). This extends across a 
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range of invertebrate groups including chelicerates (Brown 
and Knouse, 1973), echinoids (Pennington, 1985; Levitan 
et al., 1991), asteroids (Benzie und Dixon, 1994), bivalve 
molluscs (André and Lindegarth, 1995), and hydroids 
(Yund, 1990), 


Oocyte longevity 


There are marked differences in the oocyte longevity of 
the species studied here. Arenicola marina oocytes remain 
fertilizable and capable of developing to blastula for more 
than 96 h (Figs. | and 2). Oocytes from Nereis virens 
remain fertilizable for a similar length of time. but the 
probability of producing viable offspring decreases to al- 
most zero after 48 h. In contrast, the fertilization capacity of 
Asterias rubens oocytes falls to zero after 24 h, while cases 
of abnormal development rise steadily throughout. Al- 
though there was no evidence for treatment effects on 
fertilization rates in this study. it is possible that absolute 
fertilization rates differ from those given. Most of the com- 
prehensive studies of the effect of gamete age upon fertili- 
zation success fail to record the length of time that eggs are 
viable. They simply state that the fall in fertilization success 
is attributable to a drop in sperm viability and that eggs 
remain fertilizable for a short time after the sperm has 
senesced. The oocyte longevity of A. rubens is comparable 
to the qualitative observation by Benzie and Dixon (1994) 
that oocytes of the starfish Acanthaster planci are feruliz- 
able tor “a few hours.” André and Lindegarth (1995) inves- 
tigated the independent effect of egg age for the bivalve 
Cerastoderma edule. They reported that eggs could give rise 
to normally developing embryos for less than 5 h post- 
spawning. 

Arenicola marina oocytes have a remarkable longevity 
compared to those of the free-spawning species mentioned 
above and are comparable to the eggs of the ascidian As- 
cidia mentula, where fertilization and development pro- 
ceeds normally for 96 h after extraction (Havenhand, 199f). 
Such longevity is not reported elsewhere for externally 
fertilizing marine invertebrates, and little is known of the 
factors that determine longevity of oocytes. Internal energy 


Table 1 


Lengths of time that dilute sperm remain viable at concentrations comparable to those in this paper in some of the species for which sperm longevity 


has been extensively studied 


Species 


Arenicola marina 

Nereis virens 

Cerastoderma edule (bivalve mollusc) 

Asterias rubens 

Acauthaster planci (asteroid echinoderm) 
Strongylocentrotus droebachiensis (echinoid echinoderm) 
Strongviocentrotus franciscanus (echinoid echinoderm) 


Viable time (h) 


Temp (°C) Reference 
J {0 This study 
10 This sindy 
20 André and Lindegarth, 1995 
10 This study 
28 Benzie and Dixon, 1994 
14 Pennington, 1985 
5 I Levilan et al., 199] 
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stores will most likely be involved, and the oocytes of both 
Arenicola marina and Nereis virens are considerably larger 
than those of Asterias rubens. Following extrusion from the 
body cavity. the oocytes will be exposed to a range of 
pathogenic baeteria and toxie compounds. Toomey and 
Epel (1993) describe embryos of the infaunal echiuran 
Urechis caupo as having a well-developed system for re- 
moving toxic compounds that is absent in free-spawned sea 
urchin embryos. In addition, antibiotic and antifungal resis- 
tance is described for the molluse Aplysia Aurodai (lijima et 
al., 1995). It is likely that the oocytes of Arenicola marina 
will have well-developed defense mechanisms to enable 
them to remain viable over a longer period of time in the 
sediment, 


Sperm longevity 


The results presented here for the polychaetes (Fig. 3A, 
B) are in accordance with a number of studies on echino- 
derms (Chiat and Bickell, 1983: Levitan er al., 1991; Benzie 
and Dixon, 1994), The longevity of a sperm suspension is 
related to sperm concentration; this has been attributed to 
the rate of consumption of oxygen. The fact that concen- 
trated sperm respire at a lower rate than dilute sperm— 
termed the respiratory dilution effect (Chia and Bickell, 
1983)—has been clearly demonstrated for the echinoid 
Strongylocentrotus franciscanus (Levitan et al.. 199}) and 
the asteroid Acanthaster planci (Benzie and Dixon, 1994), 
Asterias rubens sperm was only slightly longer lived at the 
higher sperm concentration (Fig. 3C). Despite not being 
assessed over a wide range of concentrations, the dilute (10° 
sperm: ml ') sperm samples for all the species studied here 
were considerably longer lived than those of some of the 
species studied elsewhere at comparable concentrations (see 
Table 1). The sperm longevity of the species presented in 
this table is less than 5 h, whereas sperm from Arenicola 
marina remains viable for more than 72 h (though at a 
reduced fertilization success after 48 h). Further, the quies- 
cence of concentrated A. marina sperm was shown by Pacey 
and Bentley (1992): 

Following release from the male. sperm from many spe- 
cles reqiure an activation step, which in free-spawning 
invertebrates is provided by dilution in seawater. Dilution 
raises the pH of the sperm to that of seawater: this has been 
shown to activate the spermatozoa of Arenicola marina 
(Pacey et al.. 1994a). Dilution also leads to a raised respi- 
ration rate and a more active swimming behavior. There ts 
a finite “respiratory life” of a spermatozoon, with those 
stored at low density having a shorter halt-life than more 
concentrated sperm (Chia and Bickell, 1983). Studies on the 
swimming behavior of A. marina sperm have shown that it 
has intermittent periods of quiescence. which may be mod- 
ulated by light radiation (Pacey er al., 1994b). This has also 
heen described for tunicates (Brokaw, 1984) and some sea 


urchins (Gibbons, 1980). Bishop (1998) attributes the lon- 
gevity of ascidian sperm to its intermittent swimming be- 
havior, which results in the conservation of energy stores: 
such a mechanism could conceivably facilitate the sperm 
longevity of A. marina. Temperature may also influence 
sperm Jongevity by changing respiration rate. In the exper- 
iments here, sperm was stored at 8°C. which was close to 
ambient for the time of year but cooler than the tempera- 
tures used in the studies presented in Table 1. 

Havenhand (1991) showed that sperm from a solitary 
ascidian (Ascidia mentula) can successfully fertilize oocytes 
for up to 48 h after release and that eggs are similarly longer 
lived. This tongevity was subsequently confirmed for three 
other ascidian species (Bolton and Havenhand, 1996; 
Bishop, 1998). The situation in these aseidians is slightly 
different from that of other free-spawning invertebrates in 
that the female retains the eggs and fertilization is facilitated 
by the female collecting the sperm and brooding the eggs. A 
high fertilization suecess oecurs at sperm densities that are 
low (around 10 sperm: ml‘), which is in contrast to the 
results of studies by Levitan er al. (1991) and Benzie and 
Dixon (1994) on echinoderms. 

One factor that should be considered when comparing 
species that have slightly different fertilization strategies is 
that the term “dilute sperm is a relative one and that it is 
functional dilution level that is important. For example, 
some free-spawning echinoderms require hundreds of thou- 
sands of sperm per milliliter in the surrounding water to 
effect a reasonable fertilization success (Levitan ef al., 
1991). Conversely, some (male only) free-spawning ascid- 
ians capture sufficient sperm from the surrounding water to 
fertilize eggs at concentrations measured in the tens of 
sperm per milliliter, long after male spawning has ceased 
(Bishop, 1998). Comparisons of the impact of dilution on 
longevity between these species would therefore be tenu- 
ous, since the fertilization strategy is clearly different. 
Within the species used in thts study, it is interesting that 
sperm at the lower concentration are longer lived in Arent- 
cola marina than in the others, as this species has a fertil- 
ization strategy more akin to the aseidian than are the 
strategies of the other two species. 


lmpact of egg-conditioned water on sperm activity 


For many years before the phenomenon was unequivo- 
cally demonstrated, investigators suspected that chemical 
attraction and subsequent taxis of a sperm towards an egg 
occurred in animal phyla. It has, however, been known for 
over a century in plants, and much is known of the nature of 
the chemical attractants. in the marine brown algae partic- 
ularly (Maier and Müller, 1986). Chemotaxis in marine 
invertebrates was first shown by Dan (1950), in a medusoid 
cnidarian; extensive work by Miller during the 1960s and 
1970s demonstrated chemotaxis in a number of other spe- 
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cies of Cnidaria (Miller, 1970: 1978). It has since been 
demonstrated in a number of phyla including molluscs 
(Miller, 1977; Miller et al., 1994), arthropods (Limulus sp., 
Clapper and Brown, 1980), echinoderms (Miller, 1985). and 
tunicates (Miller, 1975). Whether such chemotaxis exists in 
annelids is inconclusive at present. 

Chemicals derived from the egg can have three types of 
effect upon the swimming of the sperm. First. they can 
initiate swimming (e¢.g., Limulus sp., Clapper and Brown, 
1980); second, they can increase swimming velocity; and 
finally, they can cause the sperm to swim in a directed 
manner towards the egg (see Miller, 1984, for review of 
sperm swimming behavior). The outcome of these behav- 
iors is simply to increase the probability of sperm-egg 
interaction. It is believed that the principal effect of a sperm 
attractant that is released from the spawned egg is to create 
a larger surface area for the egg, thus making “larger tar- 
gets” for passing sperm (see Cosson, 1990). However, the 
distance over which the attractants are effective will be 
limited by the constraints of sperm swimming capacity and 
by hydrodynamic effects. 

Incubation of Arenicola marina sperm and Asterias 
rubens sperm in egg-conditioned water dramatically re- 
duced their respective half lives. The fertilizing capacity of 
Arenicola marina sperm dropped to zero after little more 
than a day, and Asterias rubens sperm produced almost no 
fertilization after 4 h. These results are similar to data 
obtained by Bolton and Havenhand (1996) for the solitary 
ascidians Ciona intestinalis and Ascidiella aspersa, whose 
sperm is usually active for more than 12 h. It seems likely 
that the egg-derived compounds studied here act by raising 
the activity and respiration levels of the sperm, in a mech- 
anism similar to that described by Suzuki and Garbers 
(1984). Bolton and Havenhand (1996) noted that ascidian 
sperm incubated in egg water swam more often than those 
incubated in seawater. We found some preliminary evi- 
dence to support the hypothesis that egg compounds in- 
crease the rate of sperm respiration in Arenicola marina, but 
limitations of the experimental equipment prevented a more 
rigorous investigation of this hypothesis. 


Ecological considerations 


Oocyte longevity is probably related to the mode of 
reproduction of a species. Data gathered from the field 
indicate that the oocytes of Arenicola marina may be 
spawned early in the spawning period (Williams er al., 
1997). Fertilization success is limited by sperm puddle 
density, and not all oocytes are fertilized after one exposure 
to sperm. Consequently, longer-lived oocytes confer an 
advantage by being capable of fertilizing and developing up 
to 5 days after spawning. We propose that the fertilization 
Strategy of A. marina ts that the female releases her eggs at 
the beginning of the spawning period, and that overall 


fertilization success is the result of an accumulation of 
fertilizations over the 4- to 5-day spawning period (see 
Williams et al., 1997). In comparison, the eggs and sperm of 
Nereis virens and Asterias rubens are more likely to be 
dispersed by water currents before their longevity has ex- 
pired, according to Levitan (1995). However, the dilution of 
gametes beyond fertilizable concentrations in the field has 
been examined for only a few species of echinoderm., and 
the theory that dilution is more important than longevity 
may be found not to hold true for a wider range of free- 
spawning spectes. Thomas has demonstrated that the vis- 
cosity of egg and sperm fluids in several free-spawning 
echinoderms (Thomas, 1994a) and polychaetes (Thomas. 
1994b) is such that dilution is delayed and gamete longevity 
may still be important. 

The longevity of Arenicola marina sperm at low densities 
may also be an adaptation to the fertilization strategy of this 
species. Sperm are released onto the surface of the sediment 
at low water, where they coalesce into dense puddles. It may 
be several hours before they are dispersed by the tide, so the 
lack of activity in high concentration, which is further 
enhanced by light (Pacey er al.. 1994b), prevents the sper- 
matozoa from expending too much energy while they are 
remote from the eggs. After the sperm are diluted and 
carried into the female burrow, there may be a further delay 
before they encounter an egg, because the rate of irrigation 
of the female burrow is low. Consequently, interaction 
between sperm and egg in Arenicola marina may occur 
many hours after either has been spawned, in contrast to 
most other free-spawning invertebrates. 

Egg-derived compounds could play an important role in 
the fertilization success—and thus the fertilization strate- 
gy— of Arenicola marina, Stimulatory compounds from the 
eggs would ensure that sperm were most active when close 
to an oocyte. Thus, there is a twofold process. The hydro- 
dynamic factors bring the sperm and eggs into brief contact, 
and the chemicals emanating from the egg stimulate the 
sperm to respond. The lack of turbulent mixing in the 
female burrow of Arenicola marina and the comparatively 
long viable life of the sperm may mean that compounds 
released by the egg that enhance sperm swimming are of 
particular importance in increasing the probability of en- 
counters between sperm and egg. 
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